n-type doped layers on the smoothest substrate of the study, the Z5 60'. A clear trend can be observed for the solar cells prepared with μ c-Si:H doped layers, with an effi ciency drop from 7.8 to 6.6% as [H 2 ] is increased due to a steady drop of V OC from 0.48 V to 0.44 V and FF from 66.3 to 61.5%. [ 28 ] The effi ciency remains above 8.0% when SiO x doped layers are used, with V OC and FF up to 0.51 V and 70.2%, respectively. A striking difference appears when using SiO x doped layers, as the device electrical performance is independent of [H 2 ] during intrinsic layer deposition.
To clarify the origin of the effi ciency trend observed with μ c-Si:H doped layers and the effect of SiO x layers, advanced material characterization was carried out. X-ray diffraction analysis of the deposited μ c-Si:H layers on glass is presented in Figure 2 . We observe a preferential (220) orientation for all fi lms but there is no trend with respect to [H 2 ] . Intrinsic stress deposition rates. The role of the plasma conditions on the formation of the localized nanoporous phase is fi rst presented, and the interplay of the substrate morphology is then discussed. Additional experiments regarding material stability versus humidity exposure also provide insights into the importance of both deposition rate and substrate morphology for obtaining dense μ cSi:H material. This brings a key new understanding of the role of the plasma conditions in infl uencing the growth of two distinct μ c-Si:H material phases, both of which can drive solar cell performance. In more general terms, any functional electronic device using μ c-Si:H material or layers deposited using similar deposition techniques could be affected by the phenomenon.
Results and Discussion

Role of Plasma Process Conditions on the Material Porosity
Optimized cell-design techniques were recently introduced to increase the resilience of thin-fi lm silicon solar cells to substrate morphology; through the use of doped silicon-rich silicon oxide (SiO x ) layers, high performance was retained even on rough substrates. [24] [25] [26] Here we evidence the role of plasma conditions on the formation of two distinct μ c-Si:H material phases and more particularly on the porous regions at high deposition rate. We also show that the use of SiO x doped layers can buffer the detrimental effect of this material phase and restore device electrical performance.
Single-junction μ c-Si:H solar cells were deposited by PECVD on top of zinc oxide (ZnO) electrodes grown by low-pressure chemical vapor deposition (LPCVD). Under our specifi c LPCVD conditions, as-grown ZnO naturally develops randomly distributed pyramidal-shaped structures, allowing for strong light scattering and effi cient light trapping in the silicon absorber layers. [ 16 ] However, as discussed previously, V-shaped valleys with narrow opening angles can become a critical obstacle with current silicon-deposition technologies, as porous defective material easily forms above these regions. For this reason we have developed a smoothening procedure of our as-grown LPCVD ZnO through the use of a plasma treatment. [ 27 ] This is done to ease the growth of the μ c-Si:H by going from V-shaped to U-shaped structures with lower average ZnO facet inclination. This leads to improved cell electrical parameters such as open-circuit voltage ( V OC ) and fi ll factor ( FF ) at the expense of reduced light trapping and current density. In this study the root mean square roughness of the 4.5-μ m-thick front LPCVD ZnO (Z5) decreases with increasing plasma treatment time, going from 170 nm (Z5 20') to 120 nm (Z5 40') to 100 nm (Z5 60'). This plasma treatment thus provides us with varying substrate morphologies, and allows us to study more systematically the development of porous material and the specifi c role of the SiO x doped layers. Intrinsic μ c-Si:H layers 1.8 μ m in thickness were deposited at a constant high rate of 10 Å s from the bottom of the V-shaped valleys where the silicon growth fronts encounter each other during fi lm deposition, and can locally increases the recombination current. Even though the plasma deposition conditions described earlier may provide very similar bulk material properties, the best conditions measurements were also performed via the wafer-bending method on wafer strips for all layers deposited with varied [H 2 ] but no trend was observed either, as all samples exhibited similar compressive stress values of around − 110 MPa. [ 29 ] Fourier-transform infrared (FTIR) vibrational spectra were compared for layers deposited on polished wafers using both the highest and lowest [H 2 ] conditions for high deposition rate and compared to the high-quality μ c-Si:H material deposited at a lower rate of 3 Å s − 1 . Relevant parts of the spectra are shown in Figure 3 . In particular we did not detect the presence of narrow, high stretching modes, which are a signature of poorly passivated grain boundaries susceptible to post-deposition oxidation, [ 30 , 31 ] even for the material with the worst performance in the series. All three materials had very similar structural features and a hydrogen content of around 5%. As a result the method could not discriminate between layers of high and low material quality.
The mid-gap density of states was quantifi ed through Fourier-transform photocurrent spectroscopy (FTPS) performed directly on the cells. [ 32 ] FTPS sub-bandgap absorption curves for three solar cells with standard doped layers are plotted in with low [H 2 ] hinder the development of nanoporous zones and result in the deposition of a denser μ c-Si:H material. The contribution of these defects to the bulk material properties (i.e., the FTPS absorption value at 0.8 eV) was shown not to be significant, and they can be considered as two-dimensional surfaces within the device. These results demonstrate that cell performance with regular μ c-Si:H doped layers is strongly dominated by this nanoporous μ c-Si:H phase in the intrinsic layer, which is shown to be much more sensitive to the plasma deposition conditions than the bulk μ c-Si:H material quality itself.
Interplay Between Substrate Roughness and the PECVD Process
In this section we discuss the impact of substrate roughness and morphology on the formation of the nanoporous material phase. The previous device on Z5 60' was co-deposited on two rougher substrates, Z5 40' and Z5 20'. Figure 6 a summarizes the cell conversion effi ciencies obtained on all substrates for both types of doped layers. Signifi cant gains are again observed when using SiO x doped layers thanks to increased V OC × FF product. With these SiO x layers the losses are small, indicating that the detrimental nanoporous-phase contribution is buffered, and supporting a mechanism in which local current drains (shunts) are quenched. [ 24 ] The relative performance increase when going from the standard to the SiO x doped layers on all three substrates of this series is presented in Figure 6 b. The trend with respect to [H 2 ] conditions for the two rougher substrates is similar, but stronger, than that observed for the smoothest substrate Z5 60'. Cell performance is again becoming less sensitive to the intrinsic layer plasma deposition conditions. For low [H 2 ] deposition conditions, relative effi ciency gains of 4 to 23% are observed, while for the highest fl ows they range from 29 to 34%. In the case of the roughest front ZnO electrode, the relative increase is more constant over the whole range of deposition conditions for the intrinsic layer: as the nanoporous phase is promoted by sharp front-electrode features, the performance recovery thanks to the SiO x doped layers is emphasized.
These observations show that the extent of this porous material is affected by the roughness and sharpness of the underlying substrate on which the fi lm grows. The discriminant role of the textured substrate is essential to properly evaluate μ cSi:H deposition regimes. It is suspected that cells deposited on a substrate even smoother than the Z5 60′ studied here, such as fl at or optimized sputter-etched ZnO, should not be affected by [H 2 ] conditions as the secondary phase will not be promoted by the morphology. As a result, cell performance should be limited and driven only by the bulk material quality: under these conditions clear trends of cell performance with regard to bulk defect density were observed. [ 33 ] 
Material Stability and Evidence for the Nanoporous Phase
Microcrystalline silicon fi lms are known to be more sensitive to oxidation and in-diffusion of atmospheric gases than their amorphous counterparts. [ 34 , 20 ] The performance stability of fi lms embedded in solar cell devices that have been stored simply in air has been studied as well, [ 20 , 23 , 35 , 36 ] and is referred to hereafter as dark degradation.
All the previous cells were remeasured after 11 months of being stored in the dark in the air without being encapsulated. No loss of current was observed in any of the cells, as all of the J SC variations were within 2.5%. The most striking differences appear in the V OC , as it strongly decreases with dark degradation for standard doped layers. The average relative V OC reduction goes from 4.5% on Z5 60' to 5.5% on Z5 40' to 15.9% on Z5 20′. A maximum loss of 27.4% is observed for the material deposited using high [H 2 ] conditions on Z5 20′, i.e., in the conditions resulting in the highest density of nanoporous phase material. Using SiO x layers the V OC is stable for all the cells, material with regard to the damp-heat experiment, thanks to a much smoother morphology that reduces nanoporous phase formation. Contribution to FF variations due to the ZnO instability itself still exists. However, comparing different devices with the same front and back ZnO gives a direct comparison of the actual impact of μ c-Si intrinsic layer instability. It is worth mentioning here that the Z1 being more doped than the Z5, it is also less sensitive to degradation with respect to humidity exposure. [ 38 ] This original method for simulating accelerated dark degradation demonstrates the importance of both deposition rate and surface morphology on the formation of the μ c-Si:H secondary, porous phase. Increased porosity is observed at high growth rates and clearly relates to the substrate sharpness and the density of potential sites of void formation.
Perspectives and Record Single-Junction μ c-Si:H Cell Performance
From this study we conclude that SiO x doped layers reduce the negative impact of nanoporous regions on cell electrical performance. Their use allows the electrical performance of solar cells with porous intrinsic layers to match that of cells with denser intrinsic material with similar bulk defect densities. This is further supported by the observation of almost constant solar cell effi ciencies on Z5 60' and Z5 40' in Section 2.2, independent of the hydrogen dilution used, which is consistent with the identical bulk properties exhibited by the different intrinsic layers. We demonstrated that the electrical gain obtained when using SiO x doped layers relates, at least partly, to the presence of the nanoporous phase, due to either the deposition conditions or the substrate morphology. This performance enhancement may come from a shunt-quenching effect as already proposed. [ 24 ] Another possibility is that there is a reduction of boron cross-contamination from the underlying p-layer. This hypothesis would be corroborated by electric-fi eld profi le measurements in μ c-Si:H p-i-n solar cells done by crosssectional scanning Kelvin probe microscopy, in which negative charges at the cluster boundaries are speculated to be related to the presence of activated boron. [ 39 ] We could show here as well that the use of SiO x doped layers alone is not suffi cient to negate completely this porous defective material phase infl uence. In order to reach high effi ciency thin-fi lm silicon solar cells, further optimized substrate morphologies, SiO x layers and intrinsic μ c-Si:H deposition processes, especially at high growth rates, altogether are thus required.
Regarding the formation of the porous phase, a clear identifi cation of the critical plasma parameters affecting its appearance is mandatory to gain further insights into plasma-surface interactions (control of incident radical fl ux, ion bombardment energy, densifi cation processes, shadowing and re-emission processes for coverage considerations, etc.), as bulk material quality alone was proven not to be suffi cient for reaching higheffi ciency solar cells.
With our new fi ndings we further optimized single-junction μ c-Si:H solar cells on LPCVD ZnO. Using the intrinsic μ c-Si:H material deposited at 3 Å s − 1 presented in Section 2.1, and through careful optimization of the SiO x doped layers and degrading 2.8% at most. It could be that the mixed-phase nature of SiO x helps the doped layers act as a barrier to in-diffusion of atmospheric contaminants compared to plain μ c-Si:H, as a-Si:H buffer layer at p/i interface of a n-i-p device was proven to be effective with this regard. [ 37 ] We present in this section as well an additional set of experiments demonstrating the presence of porous material in the solar cells. As-deposited non-encapsulated μ c-Si:H cells, using SiO x doped layers, were subject to a (non-standard) damp-heat cycle (100% humidity, 50 ° C) during fi ve days to simulate accelerated dark degradation. The cells were then annealed at 180 ° C to induce water vapor desorption, which restored performances to close to their initial values. Relative variations of both V OC and FF are an indication of μ c-Si:H susceptibility to water vapor incorporation, as it is favored through the nanoporous zones, while the J SC is mostly unaffected from the damp-heat/annealing cycle. Figure 7 shows the average value of the V OC × FF product over 10 to 16 cells deposited with increasing growth rates of 3, 9 and 12 Å s − 1 on top of two different substrates: a Z5 60' and a thinner (1 μ m) untreated ZnO (Z1) with more dopant. Major morphological differences between these two substrates are the size of the pyramids of 700 nm and 180 nm and with average facet inclinations of 18 ° and 30 ° , respectively (see inset in Figure 7 ). Z1 exhibits a higher density of shaper valleys, hence promoting the presence of porous material.
While good stability with regard to damp-heat tests is observed for the cells deposited on the smoothest substrate, Z5 60', major differences appear on Z1. At a low growth rate of 3 Å s − 1 damp-heat experiments do not lead to a decrease of the electrical performance of cells grown on any substrate. Above this growth rate, cell performance on Z1 is strongly affected by the damp-heat test, with a V OC × FF reduction of 35% at 9 Å s − 1 and above 55% at 12 Å s − 1 . We observe as well that annealing recovers almost all of the losses induced by the damp-heat test. In contrast, Z5 60' allows for the growth of highly stable control of interfaces, a cell effi ciency of 10.9% was achieved, the highest reported in the literature according to our knowledge. Figure 8 shows both the current-voltage ( I-V ) curve and EQE measurements of this cell with a 2-μ m-thick intrinsic layer. The V OC is 535 mV, the FF is 74.2% and the J SC increases from 26.5 mA cm − 2 to 27.5 mA cm − 2 with the use of a new antirefl ective coating developed in our laboratory. [ 40 ] The very small difference between EQE measurements under no bias and with a reverse voltage of − 1 V demonstrates low recombination and good collection of photogenerated carriers in the intrinsic layer. The μ c-Si:H exhibits very good bulk material quality as demonstrated by the low FTPS absorption coeffi cient at 0.8 eV, which is below 2 × 10 − 3 cm − 1 , as shown in Figure 4 . Its highly dense structure was confi rmed by its high stability during damp-heat tests done on rough substrates for both single-junction and micromorph confi gurations.
Conclusion
This study highlights a fundamental aspect of μ c-Si:H deposition on highly textured substrates: the contribution of two different phases of μ c-Si:H material to overall solar cell effi ciency, both of which can drive cell performance. Defective localized nanoporous regions were found to be signifi cantly more sensitive to plasma process conditions and to substrate morphology than the bulk phase. Although FTPS and FTIR are the preferred optoelectrical characterization tools to determine μ c-Si:H quality and identify optimum intrinsic layer process conditions, we clearly demonstrated that they are not suffi cient to fully relate device performance to material quality. This becomes especially relevant when depositing on substrates with sharp features, which are essential for achieving optimum light trapping and optical performance. On such substrates, and depending on plasma conditions, it is a challenge to deposit dense material at a high deposition rate, which is a prerequisite for achieving high electrical performance and, ultimately, high conversion effi ciency.
Experimental Section
Photovoltaic Device Preparation and Measurement : Single-junction μ c-Si:H p-i-n solar cells were prepared with silicon layers deposited in a medium-sized version (50 × 60 cm 2 powered electrode area) of an industrial PECVD KAI reactor with a deposition temperature of 180 ° C. Silane and hydrogen were used for the deposition of intrinsic layers. To keep a constant Raman crystallinity for the high deposition rate series at 10 Å s − 1 , only a reduction of 20% in power density was required when reducing [H 2 ] from 2000 to 300 standard cubic centimeters per minute (sccm), to compensate for increased residence time, thanks to a quite high level of silane depletion. [ 41 ] With reduced [H 2 ], silane dissociation effi ciency increases from 80% to 85% and powder formation is also favored. [ 42 ] Trimethylboron and phosphine gases were used for p-type and n-type doping, respectively, and SiO x doped layers were obtained adding CO 2 to the deposition gas mixtures. The front contact consisted of textured zinc oxide (ZnO) grown by low-pressure chemical vapor deposition (LPCVD) on standard AF45 Schott glass substrates, and were subsequently smoothened through the use of an argon-based plasma treatment. The cells were patterned to 0.25 cm 2 , and the back contact was LPCVD ZnO covered with a white dielectric refl ector. Opencircuit voltage ( V OC ) and fi ll factor ( FF ) were derived from the I-V measurements of the cells, measured with a dual lamp Wacom solar simulator (WXS-220S-L2) in standard test conditions (25 ° C, AM1.5 global reference spectrum, 100 mW cm − 2 ). The short-circuit current densities ( J SC ) reported here, and used to calculate the effi ciencies, were always determined by integrating the product of the external quantum effi ciency and the incoming photon fl ux of the AM1.5 global reference spectrum.
Material Characterization : Fourier transform infrared (FTIR) spectroscopy was carried out with a Nicolet 8700 instrument on μ cSi:H layers deposited on c-Si wafers to provide chemical bonding information. Preferential crystal orientation of the μ c-Si:H material was investigated with X-ray diffraction analysis of layers deposited on fl at AF45 glass. Intrinsic stress measurements were done using the wafer-bending method on polished wafer strips of 50 × 10 × 0.3 mm 3 using an Ambios XP2 profi lometer. Fourier transform photocurrent spectroscopy (FTPS) was done with a Nicolet 8700 directly on p-i-n cell devices to evaluate the bulk defect density of the intrinsic μ c-Si:H. A Philips XL-30 fi eld emission gun scanning electron environmental microscope (FEG-ESEM) with an acceleration voltage ranging between 5 to 30 kV was used to evaluate qualitatively the formation of nanoporous regions in the material. 
